Time-of-flight measurements using pulsed laser illumination in the wavelength region between 1.3 to 2.37 μm have been demonstrated with an InAs avalanche photodiode (APD). InAs is photo-sensitive at wavelengths up to 3.5 μm and with predominantly electron multiplication reducing detector noise, InAs APDs have clear potential for sensitive optical measurements of picosecond transients in the mid-wave infrared. Laboratory-based demonstrations of time-of-flight ranging using InAs APDs operated at room temperature is described.
Introduction:
The mid wave infrared (MWIR) spectral range is becoming increasingly important for many applications such as gas sensing [1] , thermometry [2] and LIDAR depth imaging [3, 4] . In this spectral region, semiconductor-based detectors that have been used for the detection of fast transients include devices incorporating InSb [5] , GaSb [6] and HgCdTe [7] . These detectors have been used in linear avalanche multiplication mode for ranging and gas sensing [7] . Previously, the narrow-bandgap semiconductor materials HgCdTe [8] and InAs [9, 10] have demonstrated predominantly electron multiplication, which led to improved detector noise performance. InAs optical detectors have potential for room temperature operation, and growth and processing techniques are typically more routinely available than alternative narrow bandgap material systems. This Letter describes the use of InAs in elementary LIDAR configuration where the room temperature device was used in a fast response regime.
InAs is a narrow bandgap semiconductor with a band-gap of 0.36 eV at room temperature that allows photodetection at wavelengths of up to 3.5 μm. In avalanche photodiode (APD) operation, impact ionisation in InAs is predominantly due to electrons [9, 11] , meaning that InAs APDs have potential as low-noise, high bandwidth detectors. InAs has demonstrated high gain at low reverse bias allowing the potential of routine operation in arrayed detector geometries. In applications such as LIDAR, InAs APDs offer fast timing which can result in MWIR ranging with excellent surface-to-surface resolution. This is mainly due to the impact ionisation properties of the electron-multiplying APD, where the avalanche current can build up in a single transit in the multiplication region.
In this Letter, for the first time, laboratory-based time-of-flight experiments, over ranges of around 0.5 m stand-off distance, were performed with an InAs mesa APD. The APD was used in linear multiplication mode, demonstrating time-of-flight measurements at wavelengths up to 2.37 μm. Moving a retro-reflective target to different positions and recording the corresponding time of flight gave high precision range measurements.
Experiment: N-i-p mesa photodiodes were grown by the National Centre for III-V Technologies at the University of Sheffield by molecular beam epitaxy. A constant doping concentration of 1 × 10 18 cm −3 was used for the p and n layers. The layer's thicknesses were 2 μm for the n-region, 4 μm for the i-region and 1.5 μm for the p-region. After growth, the wafer was processed to form mesa structures. Trials have shown that the best recipe for mesa etching was in 1 [12] . Once the InAs mesas were formed, they were passivated with the photoresist SU8. The devices were processed with a mask set that combined the SU8 with SiN (because of its good adhesion with the top metal contact) under the external metal bondpad in order to produce a packaged mesa InAs APD. A 100 μm diameter device was used at room temperature throughout this study. Fig. 1 shows a schematic of the experimental set up used for these time-of-flight ranging experiments. The 40 MHz pulsed supercontinuum laser (NKT Photonics SuperK Extreme EXW-6) was directed through a 50:50 beam splitter to the centre of a movable retroreflective mirror. The beam returning from the retroreflector was then reflected by the beam splitter and focussed onto the detector using a ×5 magnification microscope objective lens, L2. To monitor the laser illumination on the detector prior to the actual measurement, a white light source and InGaAs-based camera were used to image the device plane in order to align the laser spot on the detector. When light was detected, the During the experiment the retroreflector was moved along the optical axis over a distance of about 0.5 m at 5 cm increments to delay the returning optical signal. The retroreflector scan was performed for different wavelengths in the infrared spectral range by tuning the supercontinuum laser from 1.3 to 2.37 μm. The sample was reverse biased up to a maximum of 6.5 V.
To estimate the device jitter, we measure the time difference between the detector output (the STOP signal pulse) with respect to a reference signal (the START signal pulse) given by the laser pulse. By sampling many laser pulses, a timing histogram of the measured START-STOP time differences was constructed, which gave the temporal response of the overall detection system. This histogram was obtained at various retro-reflector positions to ascertain the time of return for each position. This time position was ascertained by finding the centroid of each peak, where the centroid is calculated as a weighted sum: each histogram bin arrival time t k was weighted by the number of photons within the bin. The histogram acquisition times were varied between 5 and 20 s to achieve a measurement with approximately 10 6 detection events for each retroreflector position. A typical timing histogram using this detector approach is shown in Fig. 2 , corresponding to the time response of the system when illuminated by the laser at 2.1 μm wavelength and reverse biased at 2.5 V. As shown in Fig. 2 , the shape of the system temporal response was a near Gaussian centred with a full width at half maximum of 46 ps. This fast timing jitter is partly due to the relatively high laser power used (the average laser power at the cryostat window was 30 μW) and thus the large number of photons incident on the detector within an optical pulse allowing a low multiplication to be used to amplify the signal. Nevertheless, since InAs is a predominantly electron-multiplying APD we expect that at high multiplication values the impact ionisation process will occur mostly in only one transit time of the multiplication region, resulting in significantly lower jitter than conventional high gain APDs and SPADs [13] .
As a demonstration of the depth resolution of the InAs APD LIDAR system, the detector output pulse arrival time was plotted as a function of the retroreflector position, an example of which is shown in Fig. 3 at a wavelength of 2.3 μm. During the ranging experiment, the retroreflector position was scanned for a range of wavelengths between 1.3 and 2.3 μm. As illustrated in Fig. 3 , the time-of-flight is shown against corner-cube movement (i.e. half the round-trip), hence the gradient will be equal to half the speed of light. The graph gives an estimation of the speed of light and error as 2.991 ± 0.045 × 10 8 ms −1 . 
Conclusions:
We have demonstrated picosecond resolution LIDAR measurements using an InAs APD. Using a picosecond pulsed laser and picosecond timing hardware more commonly used in timecorrelated single photon counting, the InAs APD was triggered on the rising edge, achieving a jitter of 46 ps. We demonstrated this jitter performance at wavelengths up to 2.37 µm, with this spectral range being only limited by the emission spectrum of the tunable supercontinuum laser source used in these experiments. Using our packaged n-i-p InAs devices operating at room temperature and at low gain, we show that a time of flight technique can be used at wavelengths up to 2.37 μm. InAs APDs offer the potential for low timing jitter, high accuracy MWIR ranging, even at high multiplication. This is mainly due to the intrinsic properties of the electron APD, where the avalanche builds up in a single transit in the multiplication region. Furthermore, taking measurements of the output pulse arrival time as a function of the retroreflector position, the gradient fitted the speed of light within the experimental error.
